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4.3  Table  showing  metisured  values  of  active  impedance  of  two  loaded 
patches  in  a  linear  array  environment  for  the  H-;i!ane.  Patch  size  6 

X  4  cm.;  edge  separation  =  1cm  ;  feed  po'^ition  (i.l) .  77 

4.4  Table  showing  measured  values  of  active  impedtu'ci.’  r  f  two  loader! 
patches  in  a  linear  array  environment  for  the  E']>lane  Patch  size  6 

X  4  cm.;  edge  separation  =  1cm  ;  feed  position  (1.1) .  7S 

4.5  Table  showing  the  computed  position  of  .short  circuit  loads  required 
to  keep  the  microstrip  antenna  patches  in  a  5  patch  element  linear 
phased  array  matched  to  the  feed  network.  The  array  is  assumed  to 
be  matched  at  a  progressive  jrhase  shift  angle  of  0''.  Patch  size  6x4 

cm.  ;  edge  separation  =  1  cm.  ;  feed  position  (1.1) .  79 


Chapter  1 


INTRODUCTION 


In  recent  years  exteii>ive  K.'search  and  developnn'nt  in  microstrip  antennas  has  led  to 
a  more  thorough  understanding  of  fhr  api)lication  {)ot('iuiai  of  microstrip  radiators. 
This  has  als<.)  estahli>hed  the  nucrcjstrip  antenna  as  a  special  topic  by  itself  in  the 
field  of  microwavt.'  radiators.  The  idea  of  usir.g  a  printed  conductor  on  a  substrate  as 
a  radiating  elcinenf  '-ame  from  the  mi''rost''’.p  transmission  lines  that  were  developed 
much  earlier.  The  trend  to  miniaturize  .and  integrate  electroriic  systems  has  created 
a  positive  demaml  h.r  tins  mav  genertition  of  antennas.  Over  the  years  the  many 
advantages  offered  by  microstnp  .antenmis  h.ave  hetm  used  witli  good  results.  Tlie 
main  advantages  are  light  weight,  hnv  cost,  phmar  configuration  and  compatability 
with  integrated  circuits  [Ij.  Microstnp  auteima,s  can  be  loaded  reactively  to  change 
the  electric  field  distribution  hetwe('ii  the  patch  and  the  ground  plane.  By  nn 
appropriate  choice  of  the  type  aiul  location  of  the  reactive  loads  a  number  of  antenna 
parameters  can  be  altered.  For  examph*,  the  resonant  frequency  can  be  shifted,  dual 
bands  of  variable  band  separatum  can  l)e  made  [2],  the  polarization  can  be  altered 
[3]  and  modes  producing  completidy  different  radiation  patterns  can  be  made  to 
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resonate  at  the  sann'  frccjnenry  [-1].  'IIk'  reaefive  loads  r;in  ix'  r'.s  <1  as 

resonant  structures  such  as  (jjx’ii- circu  t<’d  m  short  circuit'll  1 1  sn -.nussi'^n  h!;'-'  or 
\'aracttn'  diodes,  or  as  sini[;le  as  a  shot’  <ucmt  (peihaiC'  iitipli-iia-ntod  as  a  ['L\ 
diode).  The  purpose  of  this  work  was  '<>  study  the  fi'iisihihiN'  of  'ising  mo-.-abh' 
short-circuit  loads  to  keep  tlie  elements  iiiatch<'d  in  a  s<  auin  li  luicro.strip  antenna 
array. 

In  the  first  part  )f  this  rejiort  such  reactively  lotuh'il  ant-'iinas  are  studied 
both  theoretically  and  experimentally.  MeiLSuremeiits  '.v'k-  made  on  inicrostrip 
radiators  with  reactive  loads  positioned  at  vaiious  j^oints  on  the  jiatch.  These 
experiments  were  done  to  veuify  the  theory  devidopod  fo;-  Mirh  loaded  elements  at 
the  Apphed  Electromagnetics  Lalx'ratory.  Departiumt  <T  Electrical  Engineering  at 
the  University  of  Houston  fo;.  Ihe  retu'tivi'  loading  wa.s  provided  by  short  circuit 
loads  (PIN  diodes  can  also  be  us<-d)  and  the  radiation  jDattfiu  and  injiut  resistance 
and  reactance  were  mea.sured. 

The  second  part  of  the  report  is  the  siinulatimi  of  a  finite  inicrostrip  antenna 
array  and  the  computation  of  the  miitnai  I'ouphng.  Thi.s  has  been  clone  for  inanv 
aifferent  edge  to  edge  separations  id  a  pair  (.if  rectangular  microsirijr  radiators;  and 
the  variation  of  the  mutual  impedaiici*  with  distance  foi'  both  the  E-planc  and  the 
H-plane  was  comjruted  and  measuicd.  .\lso.  th<’  vanati'Ci  of  the  niutu.il  impedance 
in  a  linear  array  with  luori?  than  two  ehmieiils  has  bceu  stu'iicd;  ami  both  comjiuted 
and  measured  results  have  been  olitaiiied. 

The  effect  on  the  active  ’iipnt  imi>edauee  of  electronic  scanning  bv  changing 


the  progressive  plmse  shift  angle  hetvveeii  the  array  eleineius  has  also  lieen  <-oni 
putecl.  This  change  in  element  nnpi'dance  is  due  to  the  iiintual  '•'"’yding  befwcer. 
the  elements  of  the  array,  I  he  change  in  active  impedance  eh  microstrip  ee  na  nt-' 
in  a  scanned  array  causes  pDwer  to  he  reHect<.“d  back  inter  the  feed.  The  'ise  oi 
microstrip  antenna  (dements  with  movable  shent  circuit  loads  m  order  tu  match  tla.' 
inicrostrip  tmtenna  (deim'rits  m  a  seaimeel  array  is  studie'd.  Inis  could  impro'.e  the 
array  performance.  A  prediminary  study  of  the  feasibility  o*'  doing  tliis  is  the  main 
focus  of  this  work.  Before  discussing  the  details  of  this  study,  a  brief  overview  of 
microstrip  elements  is  given  in  Section  1.1  and  1.2. 

1.1  The  microstrip  antenna 

A  microstrip  ant<mu<a  is  illnstratcd  in  Figure  1.1  in  its  simjricst  form.  It  has  a 
radiating  patch  wlmdi  is  usually  made  of  copper  and  a  ground  plane  se'  arated  from 
the  radiiitor  by  a  di(dectric  substrate.  The  dielectric  con.stant  most  popularly 
used  is  usually  in  the  range  of  2.0  to  10.0  ,  TIk'  actual  cdioicc'  of  this  depimds 
on  the  specific  application.  P'or  example,  low  fixMpnmcy  aj^piications  n'qinie  high 
dielectric  constants  to  keep  the  si/e  small.  Substrate  choice  and  evaluation  are 
an  essential  part  of  the  design  procednre  of  the  microstrip  antenna.  The  specific 
substrate  propf'rtie.s  of  ini[>ortance  ar*'  the  dielectric  constant,  the  loss  tangent, 
and  the  variation  of  both  with  temperature.  Other  factors  include  homogeneity, 
isotropicity,  ami  dimensional  stability  [1],  The  radiation  from  a  microstrip  antenna 
can.  as  an  tipproximatioii.  be  aftribute*!  to  the  fringing  fiidd  between  the  edge'  oi 
the  antenna  and  the  ground  jdam'.  This  is  illustrated  in  Figure  1.2.  .-kclditional 


infonuation  can  be  fnniid  in  reference  (ll. 

Microslnp  antennas  iiavc  many  a<ivant;ti!;<  s  an<!  disad'.airaees  ■  unipaictl 
other  staiularcl  antennas  opciatmg  in  then  fi'ajai-ie  ;.'  lanitc.  hi'-mei’.ts  c.ni  !;'■  iciilt 
having  a  center  freciuency  which  can  range  from  KKJ  'vIHz  to  aboxa;  hU  (jHz  d]  Ihey 
are  typically  low  in  cost  and  lii;.ht  in  weight.  I'liey  can  be  nsed  to  generate  botli 
linear  and  circular  ptilarization.  Dna!  fre(in<'ncy  inicrostrip  antciina.s  can  be  e,-.~ily 
made  so  that  they  can  be  used  at  diil'erent  transmit  and  receive  frequencies  ;Gj. 
Also,  the  feed  lines  required  for  the  antenmi  can  be  easily  tabneated  together  w  ith 
the  antenna  using  the  well- developed  etching  techniques  used  for  making  printed 
circuit  boards. 

On  the  other  hand  microstrip  ant(>nnas  have  a  narrow  bandwidth  .Also,  the 
end  fire  performance  (parallel  to  the  jrlaiie  of  the  pa.tch)  is  wry  poo:  tmd  they  i.ave 
a  low  power  handling  capiicity  [Ij.  There  are  .al^o  ;)ossihilities  of  the  e:>:citation  of 
surface  modes  which  lead  to  tlie  loss  of  r.adittted  powc^r. 

Microstrip  antennas  have  a  wide  area  of  a.pplication  They  can  he  used  in 
Dop])ier  radar  systems,  satellite  eommumc.ation,  mi.ssilc  tclenc  try.  feed  elements 
in  complex  antenna.s  and  biomedical  .qiphcatiom.  The  areas  of  apjrhcations  are 
continning  to  grow  as  the  awareness  of  th(’ii  use  imucases 

Microstrip  antenmrs  an'  modelled  m  many  diltcrcnt  ways  with  each  ncjdel  iia\  - 
ing  its  own  advantages  and  di.sadvantages.  I'he  most  jiopiilar  modeh;  are  the  trans¬ 
mission  line  model  [1],  the  cavity  model  (I.o  ri  al.)  f-ll,  the  wire  grid  mcidel  {.Agarwal 
and  Dailey)  [1],  and  the  modal  exptmsion  model  (C';ir\-er  and  CofTey;  [Ij.  There'  are 
several  other  models  which  have  been  developed,  iirformat  ion  on  which  can  be  found 


1.2  Design  procedure 


A  general  overview  of  the  design  of  rectangular  microstrip  antennas  is  given  and  the 
relevant  design  expressions  are  stated.  The  first  step  in  the  design  is  to  choose  an 
appropriate  dielectric  constant.  As  mentioned  before  the  frequency  of  operation  has 
an  important  role  to  play  in  this  selection.  Some  of  the  substrates  that  have  been 
largely  used  are  [ij  rexolite  (f^  =  2.6),  duroid  (Cr  =  2.32)  and  alumina  (Cr  =  9.S). 
For  a  dielectric  substrate  with  a  thickness  of  h,  it  has  been  shown  by  Schroeder  [6j 
that  the  practical  width  for  an  efficient  radiator  is 

(1.1) 


+  1 


2/r  ^ 

The  expression  for  the  element  length  is 

c 


L  = 


2/rv^ 


2A/ 


(1.2) 


where  /r  is  the  desired  resonant  frequency,  is  the  relative  permittivity,  c  is  the 
speed  of  light  and  Al  is  given  by 


Al  =  0.412/j 


(e,+0.3)(iy//i  +  0.264) 


(e,  -0.258)(I'V7/i  +  0.8) 
where  is  the  effective  dielectric  constant  given  by 


_  +  1)  (Cr  -  1) 

~  .r,  ' 


1  + 


12fi' 

W 


-1/2 


(1.3) 


(1.4) 


in  which  W  is  the  width  of  the  antenna  (see  Figure  1.1). 

Several  authors  have  suggested  different  expressions  for  the  radiation  pattern  of 
the  rectangular  microstrip  radiator  [1].  Richards  et  al.  [7]  have  found  good  agree¬ 
ment  between  theoretically  predicted  values  of  input  impedance  and  experimentally 


obtained  values  using  the  cavity  inodel  approach.  Kxi)ressii)ns  for  (jther  factcjis  s\ich 
as  radiation  resistance,  quality  factor,  bandwidth,  can  be  tound  in  reference  [ij. 
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Radiating  slots 


Figure  1.2.  Radiation  from  the  imcrostrtp  antcnii.i  ijho^vnig  Uic  fringing  fields 


Chapter  2 

LOADED  MICROSTRIP 
ANTENNAS 

By  loading  the  inicrostrip  antenna  with  shorting  pins  from  the  radiating  surface 
to  the  ground  plane  the  input  impedance  and  resonant  frequency  can  be  changed 
over  a  wide  range  without  affecting  its  radiation  pattern.  It  is  possible  to  change 
just  the  input  impedance  and  keep  the  icsonaut  frequency  constant  by  placing  the 
shorts  along  a  properly  chosen  locus  of  points  on  the  antenna  patch.  Both  single 
and  dual  loads  can  be  used  to  vary  the  input  impedance,  but  as  Is  shown  in  the 
experimental  results,  using  dual  loads  yields  a  wider  range  of  input  impedance 
variation.  Also,  dual  loads  produce  lower  cross-polarization  levels  than  single  loads. 
The  main  purpose  of  this  work  was  the  study  of  using  movable  loads  in  a  microstrip 
antenna  array  to  control  the  input  impedajrce  variation  of  the  individual  elements 
as  phase  scanning  takes  place.  The  theory  of  these  loaded  microstrip  elements  is 
given  here  and  is  followed  by  experimental  results. 
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2.1  Theory  of  loaded  microstrip  antennas 


A  brief  overview  is  given  in  this  section  of  the  expicssioir  developed  i)y  Richards 
[5]  which  are  based  on  the  cavity  model  analysis.  The  results  that  were  obtained 
theoreticcdly  w’ere  verified  by  the  author  experimentally  with  excellent  agreement. 

In  a  microstrip  antenna  the  existence  of  a  source-fr^e  field  at  resonance  implies 
the  existence  of  a  non-zero  feed  current.  Kirchoff’s  voltage  law  applied  to  the 
lumped  circuit  model  of  Figure  2.1.  which  is  a  source-free  microstrip  cavity  loaded 
at  a  single  point  with  load  reactance  A’l  implies 

j(A',.  +  A'.„)4  =  0,  (2.1) 

where  /l  is  the  load  current  and  A’i„  is  the  input  reactance  of  the  loaded  cavity. 
Richards  [5]  showed  that  A'i„  may  be  represented  as 

A...  =  AV AY  (2.2) 

where  AY  is  feed  reactance,  A’,n  is  the  input  reactance  at  the  load  point  of  an 
unloaded  micro.'^trip  cavity. 

All  these  reactances  are  functions  of  frequency  and  the'  roots  are  the  resonant 
frequencies  of  the  loaded  element.  The  resonant  mode  usually  used  in  microstrip 
antenneis  is  the  (0,1)  mode.  The  normalized  voltage  distribution  at  the  observation 
point  ( j,  y)  on  the  antenna  for  this  mode  is  given  by 

r(.r.  y)  =  cos  (2.3) 

where  the  element  dimensions  are  a  x  b.  This  is  zero  on  the  center  line  y  =  6/2 
of  the  patch.  This  line  of  zero  field  is  called  the  node  line.  The  addition  of  loads 
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on  the  niicrostrip  Hiileun;!  inuvrs  this  luxlal  line  closi'r  to  or  further  away  from  the 

feed  point.  The  closer  the  nodal  line  is  to  the  feed  point  the  lower  is  tl'.e  input 

impedance  of  the  antenna  and  vice  versa. 

Multiple  loads  require  the  roots  of 

( Zii  -y  Zj  ^ +  Zi2  •  Znv 
Zu  (  Z22  +  Z/ ) . .  .  Z2,v 

z,,v  Z2,v...(Z.„  +  z|;') 
where  Z,j  is  the  c-parameter  between  the  and  the  port  of  a  multiple  port 
microstrip  cavity,  and  Z}  is  the  load  impedance  connected  to  the  port.  One  can 
solve  these  characteristic  equations  numerically  for  the  resonant  frequency.  The 
input  impedance,  voltage  distribution  and  the  radiation  pattern  can  then  be  found 
as  described  in  [7].  Additional  information  can  be  found  in  reference  [5]. 

2.2  Computed  and  measured  results 

For  short  circuit  reactive  loads  we  have  Xi  =  0.  Extensive  experiments  were  per¬ 
formed  to  study  the  effect  of  short  circuit  loading  on  the  characteristics  of  a  mi- 
crostrip  antenna.  All  experiments  were  done  using  3M  Corporation’s  CuClad  250 
glass  reinforced  double  clad  PTFE  with  a  dielectric,  constant  of  (r  —  2.43.  Obser- 
\'ation  was  made  of  the  change  in  input  impedance,  resonant  frequency  and  the 
radiation  pattern  of  the  niicrostrip  antenna  for  different  positions  of  reactive  loads. 

2.2.1  Single  loaded  microstrip  antennas 

Extensive  experiments  were  doiu*  on  niicrostrip  antennas  and  the  results  were  com¬ 
pared  with  those  evaluated  numerically.  The  experimental  results  for  the  microstrip 


antenna  with  single  shurt-ciimit  loads  will  h.-  discussed  first.  Tire  patch  size  was 
6  cm  by  4  cm  and  tire  antenna  wa;i  fed  at  a  [xrint  (10.  1  O  i  with  a  co-a.xial  (SM.'\  ) 
connecting  probe  from  the  ground  plane  as  i.s  .‘-hown  m  the  Figure  1.1.  I  he  re.-onant 
frequency  that  was  jrredicted  was  2.465  GHz.  The  vtiriation  of  input  impedance  with 
frequency  is  shown  on  Smith  charts  in  Figures  2.2  to  2.5  where  the  short-circuit  load 
is  at  a  different  position  on  the  patch  for  each  caoc.  The  m.agnetic  current  distri¬ 
bution,  which  is  equivalent  to  the  voltage  distrib\ition,  was  plotted  along  the  patch 
edges  for  each  of  the  cases  considered  using  the  cavity  model  There  are  four  sep¬ 
arate  plots  corresponding  to  the  four  edges  of  the  radiator.  The  positive  direction 
of  the  axis  of  these  magnetic  current  plots  points  away  from  the  patch  edge  in  each 
case.  These  distributions  are  illustrated  in  Figures  2.2  to  2.5. 

The  theoretical  prediction  of  the  resonant  frequency  [5],  wtis  verified  experirnen- 
tallv.  The  experimental  results  for  input  impedance'  agret'rl  exceittionally  well  with 
the  theoretically  predicted  ones  in  all  the  ctises  except  for  those  shown  in  Figures 
2.5.  This  could  be  due  to  experimental  error  and  not  due  ti^  error  in  the  theoretical 
model.  It  was  also  shown  experimentally  that  if  the  short  circuit  load  is  plarc-d  on 
the  locus  of  points  as  predicted  theoretically  by  Richards  [5]  the  resonant  frequency 
was  almost  unchanged.  This  locus  of  points  is  illustrated  for  the  case  of  a  single  load 
in  Figure  2.6.  The  variation  of  the  input  impedance  as  the  loads  are  moved  along 
this  locus  is  illustrated  in  Figure  2.7.  Measurements  were  also  made  of  the  radiation 
pattern  both  in  the  E- plane  and  the  H-plane  and  for  the  cross  polarized  component. 
These  are  illustrated  in  Figures  2.8  to  2.13.  An  iniirortant  application  of  loaded  mi¬ 
crostrip  antennas,  as  mentioned  before,  is  control  of  the  active  impedance  of  the 


array  elements  els  the  arriiy  is  scaimccl.  Switching  between  these  loads  can  keep 
the  active  impedance  within  leEisonable  levels  of  impedance  mismatch  while  at  the 
same  time  keeping  the  resonant  frequency  constiuit. 

2.2.2  Dual  loaded  microstrlp  antennas 

Similar  experiments  were  performed  for  the  dual-loaded  microstrip  antennas  and  the 
results  obtained  again  agreed  well  with  the  theoretically  predicted  velIucs.  Here  also 
the  loads  were  short  circuits.  The  results  obtained  are  illustrated  in  Figures  2.14  to 
2.21.  The  input  impedance  of  the  microstrip  antenna  could  be  varied  over  a  wide 
range  with  the  change  in  the  position  of  the  short  circuit  load.  It  was  observed  that 
the  cross  polarized  fields  were  reduced  slightly  for  the  dual-loaded  case  compared  to 
the  single-loaded  case.  The  locus  of  load  ph\ceinent  to  keep  the  resonant  frequency 
constant  as  illustrated  in  Figure  2.14  was  predicted  theoretically  and  was  verified 
experiment.  My.  The  variation  of  the  input  impedance  as  the  loads  are  moved  along 
this  locus  is  illustrated  in  Figure  2.15.  As  can  be  seen  in  the  figure,  the  locus  of 
points  where  the  load  can  be  placed  is  symmetric  about  the  center  line  or  the  nodal 
line  of  the  unloaded  patch. 
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Figure  2.2  The  computed  and  mea-surcd  input  impedance  variation  and  magnetic  current  distribu¬ 
tion  of  the  single  loaded  microstrip  antenna  Patch  size  G  x  4  cm  ,  load  position  (1  75  1  04  )  ;  feed 
position  (1,1)  ;  resonant  frequency  =  2.465  GHz 
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Figure  2  3:  The  coinpulcci  and  measured  input  impedance  variation  and  magnetic  current  distribu¬ 
tion  of  the  single  loaded  rnicrostrip  antenna  Patch  size  6  x  4  cm  ,  load  position  (2  25  ,0  95  )  ,  feed 
position  (1,1  )  ,  resonant  frequency  =  2  465  GHz 


Figure  2  4  The  computed  and  measured  input  impedance  variation  and  magnetic  current  distribu¬ 
tion  of  the  single  loaded  microstrip  antenna.  I’atch  size  6x4  cm.  ;  load  position  (2.5  ,0.91  )  feed 
position  (!,])  ,  resonant  freque..^^  —  2.465  GHz 
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Figure  2.5;  The  computed  and  measured  input  impedance  variation  and  magnetic  current  disiribu- 
tion  of  the  single  loaded  microslrip  antenna.  Patch  size  6x4  cm  ;  load  position  (3  0  ,0  82  )  ,  feed 
position  (1,1)  ;  resonant  frequency  =  2.465  GHz 


Patch 


Figure  2.6:  Locus  of  short  circuit  locations  for  constant  resonant  frequency  of  a  single  loaded  element 
Patch  size  6x4  cm  ;  resonant  frequency  =  2.465  GHz 
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Figure  2.7;  The  variation  of  the  conciuctance  G  with  tlie  x-coordinate  of  a  short  circuit  position 
taken  from  the  constant  resonant  frequency  locus  for  a  fixed  feed  at  (1,1)  ;  resonant  frequency  = 
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Figure  2.8.  The 
iize  6x4  cm. 


rr,  of  the  Single  loaded  microsUip  antenna  (Patch 
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Figure  2.9:  The  measured  E-plane  radiation  pattern  of  the  single  loaded  nucrostrip  antenna  (Patch 
size  6x4  cm.  ;  load  position  (2. 0,1.0)  ;  feed  position  (1,1)  ;  resonant  frequency  =  2.465  GHz 
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Figure  2.10:  The  measured  E-plane  radiation  pattern  of  the  single  loaded  microstrip  antenna.  (Patch 
size  6x4  cm.  ;  load  position  (2.25,0  95)  ,  feed  position  (1,1)  ;  resonant  frequency  =:  2.465  GHz 
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Figure  2.14;  Locus  of  short  circuit  locations  for  constant  resonant  frequency  of  the  double  loaded 
element.  Patch  size  G  x  4  cm  ,  resonant  frequency  =  2  465  GHz 
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Figure  2.15:  The  vanatioii  of  the  conductance  G  with  the  x-coordinate  of  a  short  circuit  position 
taken  from  the  con.slant  resonant  frequency  locus  for  a  fi.xed  feed  at  (1,1)  ,  resonant  frequency  = 
2.465  GHz 
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Figure  2,16:  The  computed  and  measured  input  impedance  variation  of  the  dual  loaded  niicrostrip 
antenna.  (F’atch  size  6  x  ,i  cm,  ,  load  positions  (2  0,1  12)  and  (2  0,2  88)  ;  feed  position  (1,1)  , 
resonant  frequency  =  2,465  CHz 
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Figure  2. 1 7 :  The  mea-sured  input  impedance  variation  of  the  du?.!  Iteided  microstrip  antentia.  (Patch 
size  6  X  d  cm  ;  load  iiositions  (2  5,1.21)  and  (2  5,2  79)  ,  feed  position  (1,1)  ,  resonant  fr^rquency  = 
2.465  GFz 
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Figure  2  18  Tlip  mca5ured  input,  impedance  variation  of  the  dual  |o;ided  microstrip  antenna  (Patch 
size  C  X  4  cm.  ,  load  positions  (3  0,1.23)  and  (3  0,2.77  )  ;  feed  position  (1,1)  ,  resonant  frequent)-  = 
2.465  GHz 


Figure  2.19  The  measured  inpul  impedance  variation  of  llie  dual  loaded  microslnp  antenna  (Patch 
size  6x4  cm  ,  load  positions  (2  0,1  1)  and  (2  0,2  9)  ,  feed  position  (1,1)  ;  resonant  frequency  = 
2,465  GHz 


Measured  Results 


Figure  2,20  Tiie  measured  input  impedance  variation  of  the  dual  loaded  microstrip  antenna  (Patch 
size  6  X  4  cm  ,  load  positions  (2,5,1.21)  and  (2.5.2  79)  ;  feed  position  (1,1)  ;  resonant  frequency  = 
2.465  GHz 


Measured  Results 


Figure  2  21;  Tlic  measured  input  impedance  variation  of  tlie  dual  loaded  microstrip  antenna.  (Patch 
size  6x4  cm  ,  load  positions  (2  75,1.23)  and  (2.75,2.77)  ;  feed  position  (1,1)  ;  resonant  frequenc> 
=  2  465  GHz 
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Chapter  3 


MUTUAL  IMPEDANCE 
BETWEEN  MICROSTRIP 
ANTENNAS 


An  expression  for  the  mutual  impedance  between  rectangular  microstrip  patche 
can  be  obtained  by  the  use  of  the  reciprocity  principle,  in  particular  the  Rumse; 
reaction  formula,  and  the  use  of  the  formula  for  the  radiation  from  a  unit  magneti 
dipole. 

3.1  Radiation  from  a  unit  dipole 

We  shall  use  an  expression  for  the  field  from  an  infinitesimal  current  element  o 
dipole  and  then  use  the  duality  principle  and  the  reaction  formula  to  develop  ai 
expression  for  the  mutual  impedance.  The  expression  for  the  electric  field  in  spher 
ical  coordinates  due  to  a  unit  dipole  in  the  f  direc*^ion  as  shown  in  Figure  3.1  cai 
be  written  as  [8] 


->Co  (jK  ,  1 


jK  1 


E  =  ;^  ^  +  ^  e--'*’’^cosef  +  /^  e-^''”^sin0  0  (3.1 


27rU  V  )  47rU  \  r 
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where  f  is  a  unit  vector  in  the  x-y  plane,  ko  =  is  the  wave  number  or 

propagation  constant  in  free  space  and  '  is  the  intrinsic  impedance  of 

free  space.  We  make  use  of  the  duality  principle  to  obtain  the  expression  for  the 
H-field.  For  this  we  substitute  l/^o  for  C^o  and  get  the  following  expression  for  the 
H-field 


H  = 


-J 


Co27r/:o 


e  cos  5  f  + 


jko 


sin90  (3.2) 


An  expression  for  the  H-field  can  be  obtained  in  rectangular  co-ordinates  by 
using  the  following  conversion  factors. 


{{x,  -  a:,)i  -1-  (t/;  -  y,)y) 

(3.3) 

r  — 

((i^  -  x,f  +  (y;  - 

e  = 

(xj  -  Xi)y-  {y,  -  y,)i 

(3.4) 

((x_,  -  x.)^  -f-  [y,  - 

X|  ^  X 

(3.5) 

Ti  = 

((X;  -x,)V(yj  -y,)^)'^^ 

(y;  -  y.)y 

(3.6) 

Ty  = 

((x_,  -  x,)^  -t-  {yj  - 

In  the  above  equations  the  subscript  j  represents  the  coordinates  at  the  observation 
point  aud  the  subscript  i  represents  the  coordinates  at  the  source  point.  For  the 
case  of  the  microstrip  aintennas  shown  in  Figure  3.2  we  have  the  unit  tangents  along 
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the  X  ajid  the  y  co-ordinates  to  be 


Tr:  = 


[{xj  -  x.)^  -f  {y,  -  y,f)^'^ 

{y(i+i)  -  y.)  y 


1/2 


(3.7) 


(3.8) 


((ij  -  X,)^  +  (y;  -  Vif) 

Using  these  unit  tangents,  the  cosine  of  the  angle  9  shown  in  Figure  3.2  can  be 
represented  as 


cos  0  =  Ti  ■  fx  +  Ty  ■  fy 


(3.9) 


3.2  Mutual  impedance  using  reciprocity  principles 


The  reciprocity  principle  is  used  in  electromagnetics  and  especially  in  antenna  the¬ 
ory  in  deriving  the  relations  between  the  receiving  ajid  transmitting  properties  of 
an  antenna.  Consider  Figure  3.3  where  a  volume  V  is  bounded  by  a  surface  5 
containing  two  sets  of  a-c  sources,  M*  and  Mb.  Using  Maxwell’s  equations 
and  the  divergence  theorem  we  can  easily  derive  axi  expression  relating  the  fields 
and  the  currents  on  the  two  surfaces.  We  denote  the  electric  and  magnetic  fields 
produced  by  source  a  to  be  E*  and  and  that  produced  by  the  source  b  to  be 
Eh  and  Hh  respectively.  The  reaction  concept  for  the  fields  of  source  a  on  source  b 
emd  vice  versa  can  be  stated  as 


<  a,  b  >=<  b,a  > 


(3.10) 
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where 

(3.11) 

Equation  3.10  can  be  rewritten  as 

J  J  =  J  J  M,)dv  (3.12) 

For  the  case  of  the  two  microstrip  antennas  of  Figure  3.2,  Mb  and  J*  are  zero. 
Therefore  the  mutual  impedance  can  be  expressed  as 

2^6  =  7^/  (3.13) 

where  and  /b  are  the  feeding  currents  of  aiitennas  a  and  b. 

The  magnetic  current  distribution  around  the  microstrip  patch  is  obtained  by 
using  the  cavity  model  [5].  The  magnetic  current  values  are  obtained  at  discreet 
points  along  the  patch  edges.  The  expression  for  the  H  held  due  to  the  radiation 
from  an  infinitesimally  small  magnetic  current  source  is  used  in  the  above  expression 
for  computing  the  mutual  impedance  between  any  two  microstrip  antenneis.  The 
currents  and  /b  are  assumed  to  be  unity  in  the  numerical  evaluation  of  the  above 
integral.  The  samples  of  magnetic  currents  along  the  patch  edges  are  considered 
as  infinitesimal  current  sources  and  the  contribution  of  all  such  sources  is  used  to 
compute  the  mutual  impedamce. 

In  practice,  at  microwave  frequencies  the  scattering  parameters  [S]  are  gener¬ 
ally  used  rather  than  the  impedcuice  parameters.  Applying  the  well-known  matrix 
relation  [9] 

15|  =  (|Z|  -  I^IKIZI  +  1^1)'’  (3.14) 
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an  n  X  n  [Z]  matrix  is  converted  to  an  [S]  matrix  of  the  same  order.  Here  since 


n  ~  2,  5n  =  S22  and  S\i  —  the  equation  for  S2\  is 

52,  =  2Z2,/((Zn  +  l)'-Z|i  (3.15) 

where  Z,,  and  Z21  are  the  normalized  .self  impedance,  and  mutual  impedance  re¬ 
spectively. 

3.3  Application  to  arrays 

The  computation  of  the  mutual  impedance  in  an  array  with  more  than  two  elements 
can  be  done  by  using  the  same  procedure  as  above.  In  this  case  mutual  coupling 
between  each  pair  of  elements  must  be  calculated.  A  linear  array  of  microstrip 
antennas  is  illustrated  in  Figure  3.4.  Here  the  mutual  impedance  can  be  calculated 
by  taking  into  account  the  mutual  coupling  due  to  all  individual  elements.  This 
can  be  generalized  for  the  case  of  a  plrmar  array  which  is  illustrated  in  Figure  3.5. 
The  relation  between  the  voltages  and  the  currents  flowing  in  the  microstrip  an¬ 
tennas,  which  can  be  modelled  as  loads,  is  illustrated  in  matrix  form  as  shown  below 


( 

'  Z\\Zi2 . Zj/v  '' 

(  h  \ 

V2 

^21^22 . Z2N 

h 

\  Vn  j 

\  Zf4\Zt>i2 . Zf^i^  y 

\  j 

Therefore,  we  can  write  the  equations  relating  the  voltage  and  currents  as 


+  Z12I2  +  ■  ■  -f-  Ziyv^Af 


(3.16) 
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Assuming  In  =  ^  ■  where  (f>s  is  a  specified  phase  shift  angle,  one  obtains  the 
expression 

2»ctive  =  Zn  +  +  •  •  ■  +  (3,17) 

In  the  above  expression  Z\n  can  be  calculated  using  equation  3.13  and  therefore, 
we  Ccin  calculate  the  active  impedance  of  every  element  in  either  a  linear  array  or  a 
planzLT  array.  As  stated  earlier  the  input  impedance  of  loaded  microstrip  antennas 
can  be  varied  by  reactive  loading  while  keeping  the  resonant  frequency  and  pattern 
constant.  As  the  array  is  scanned  the  varying  active  impedance  of  the  array  elements 
produce  an  impedance  mismatch  which  can  possibly  be  minimized  by  loading  the 
microstrip  antenna  elements  and  switching  the  loads  accordingly  as  the  array  is 
scanned.  The  performance  of  the  array  may  thus  be  improved.  This  is  considered 
in  the  next  chapter. 
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3.4  Computed  and  measured  results 

3.4.1  Computed  results 

A  Fortrzm  program  wa.s  written  by  the  author  to  evaluate  the  mutual  impedance 
effects  in  a  rectangular  patch  array.  The  progrzun  enables  one  to  simulate  the  array 
on  the  basis  of  the  model  developed  previously  in  Section  3.2  and  to  compute  the 
active  impedeince  of  each  element  of  a  linear  array  with  any  patch  size,  edge  to  edge 
sep2iration,  resonant  frequency,  number  of  s^lmple  points  considered  along  the  edges 
where  the  magnetic  currents  have  been  computed,  and  any  progressive  phase  shift 
angle.  The  run  time  of  the  program  depends  on  the  number  of  sample  points  of 
magnetic  currents  used  in  the  computations.  The  program  can  be  used  for  both 
the  E-plane  and  the  H-plane  scan.  Here  the  plane  perpendicular  to  the  patch  and 
parallel  to  the  electric  field  is  called  the  E-plaine,  and  that  parallel  to  the  magnetic 
field  is  called  the  H-plane.  The  magnetic  current  samples  were  obtained  by  using 
the  cavity  model.  These  magnetic  current  samples  are  evaluated  at  the  resonant 
frequency  found  from  the  program  written  by  Dr.  VV.  F,  Richards  of  the  Department 
of  Electrical  Engineering  of  the  University  of  Houston.  The  two  programs  have  been 
integrated  together  for  the  purpose  of  obtaining  these  computed  results. 

The  various  computed  results  are  shown  in  the  figures  that  follow.  The  variation 
of  the  magnitude  of  mutued  coupling  was  computed  as  a  function  of  distance  between 
the  patches.  This  is  shown  in  Figure  3.6  for  varying  distance  in  the  H-plane.  In 
Figure  3.7  we  see  the  variation  of  mutued  coupling  with  distance  in  the  E-plane.  The 
change  in  mutual  coupling  with  distance  is  observed  to  be  less  for  the  E-planc  case 
than  for  the  H-plane.  The  mutual  coupling  is  represented  in  Figures  3.8  and  3.9  in 
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decibels.  The  results  obtained  are  approximate  due  to  the  approximate  model  used 
for  their  computation.  It  may  be  stated  here  that  for  the  j^urpose  of  examining  the 
feasibility  of  the  use  of  loaded  elements  in  an  array  for  improved  performance,  the 
app.  jximate  model  is  sufficient. 

3.4.2  Mutual  impedance  measuremerts 

Extensive  experiments  were  performed  to  measure  the  mutual  impedance  between 
antenna  patches  with  varying  separation.  The  patches  were  made  on  printed  circuit 
board  manufactured  by  3M  having  a  substrate  of  relative  permittivity  =  2.45 
and  substrate  thickness  of  0.152  cm.  The  patches  were  fed  with  a  coaxial  SMA 
connector.  All  measurements  were  made  on  the  HP  8510  network  analyzer  with  an 
absorbing  chamber  axound  the  antenna.  The  frequency  was  varied  from  1.65  to  3.15 
GHz.  Some  of  the  results  that  were  obtained  are  represented  in  the  Figures  3.10 
to  3.19.  In  the  case  where  there  are  more  than  two  patches  present  in  em  array  the 
effect  of  an  open-circ\iited  patch  on  the  mutual  coupling  of  any  other  two  patches 
was  studied.  It  was  found  that  this  effect  was  more  pronounced  in  the  H-plane 
than  in  the  E-plane.  A  possible  explanation  for  this  could  be  the  effect  of  surface 
waves  being  more  predominant  in  the  H-plane  than  in  the  E- plane.  Figures  3.10  and 
3.11  illustrate  this  effect  which  contributes  to  the  error  in  computation  of  mutual 
impedance  using  the  cleissical  reaction  formula.  A  correction  to  this  is  proposed  in 
the  paper  to  be  published  [10]  by  D.R.  Jackson,  W.F.  Richards  and  the  author. 
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3.4.3  Mutual  coupling  for  loaded  patches 


Measurements  done  for  loaded  patches  are  shown  in  Figures  3.20  to  3.28.  In  these 
experiments  two  patches  were  studied  in  a  linear'  array  environment  both  in  the 
E-plane  and  in  the  H-pIane.  The  HP  8510  network  analyzer  was  used  to  make  all 
measurements.  It  was  noted  that  significant  error  was  introduced  in  all  the  mutual 
coupling  meeisurements  from  the  reflections  from  the  roof  and  other  objects  in  the 
laboratory.  Therefore  an  absorbing  chamber  was  made  around  the  antenna  and 
measurements  taJeen  were  then  found  to  be  very  repeatable.  The  loads,  as  in  the 
previous  Ccises  of  individual  loaded  antennas,  were  short  circuits.  The  position  of 
the  load  was  found  to  be  critical  in  order  to  keep  the  resonant  frequency  unchanged. 
Measurements  were  made  for  both  single  and  double  loads.  The  load  position  on 
one  patch  was  fixed  and  the  load  on  the  second  patch  was  moved  along  the  locus 
(to  keep  the  resonant  frequency  constant)  and  the  effect  on  mutual  coupling  and 
the  active  input  impedance  of  both  the  patches  v/as  studied.  It  can  be  seen  from 
these  results  that  the  mutual  coupling  and  also  the  active  input  impedance  of  the 
patches  can  be  varied  with  change.s  in  load  positioning. 
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Figure  3.'1  The  linear  atr.\>  uf  microstrip  antenna.s  showing  different  feed  configurations 
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Figure  3.6:  The  compuled  variation  of  the  mutual  impedance  between  two  microstrip  antennas  (size 
6x4  cm  ;  frecjuency  =  2.35  GHz  ;  Cr  =  2.45)  as  a  function  of  distance  in  the  H-plane 
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Figure  3.7:  The  computed  variation  of  the  mutual  impedance  between  two  microstrip  antennas  (size 
6  X  4  cm  i  frequency  =2.35  GHz  ;  (r  =  2.45)  as  a  function  of  distance  in  the  E-plane 
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F.eure  .3  S  The  5p  representation  of  the  computed  variation  of  the  mutual  impedance  between  two 
microstrip  antennae  (size  6  x  4  cm  ,  frequency  =  2  35  GHz)  a5  a  function  of  distance  in  the  H-plane 
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Figure  3.9:  The  S12  representation  of  the  computed  variation  of  the  mutual  impedance  between  two 
microstrip  antennas  (size  6x4  cm  ;  frequency  =  2.35  GHz)  as  a  function  of  distance  in  the  Emplane 
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Figure  3.10:  The  measured  .S13  of  a  three  patch  linear  array  with  tlie  presence  (curve  .-'l)  and  absence 
(curve  B)  of  the  second  patcli  in  the  H-plane.  Patch  size  6x4  cm.;  edge  separation  =  1cm  ;  feed 
position  (1,1)  ;  resonant  frequency  =  2.3.6  GHz 
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Figure  3.11:  The  measured  S13  of  a  three  patch  linear  array  with  the  presence  (curve  A)  and  absence 
(curve  B)  of  the  second  patch  in  the  El-plane.  Patch  size  6x4  cm.;  edge  separation  =  1cm  ,  feed 
position  (1,1)  ;  resonant  frequency  =  2.35  GHz 
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Figure  3.14:  7  ti»  mea-sured  S]2  of  a  five  patch  linear  array  in  the  H-plane.  Patch  size  6x4  cm 
edge  separation  =  1cm  ,  feed  position  (1,1)  ,  resonant  frequency  -  2  35  GHz 
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Figure  3.15:  The  measured  S23  of  a  five  patch  linear  array  in  the  H-pUne,  Patch  size 
edge  separation  =  Irni  ,  feed  position  (1,1)  i  resonant  frequency  =  2  35  GHz 
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Figure  3-16:  The  measured  .S'34  of  a  five  patch  linear  array  in  the  H-plane.  Patch  sue  6x4  cm 
edge  separation  =  1cm  ;  feed  position  (1,1)  ,  resonant  frequency  =  2  35  GHz 
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Figure  3.18;  T.lie  computed  and  ine<asured  Il-plane  coupling  m  a  two  patch  linear  arra>  Patch,  sue 
6x4  cm.;  edge  separation  =  1cm  ,  feed  position  (1,1  )  ;  resonant  frequency  =  2.35  GHz 
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Figure  3.19.  Tlie  computed  and  measured  19-plane  conijlmg  in  a  iwo  p.ucn  linear  array.  Patch 
6x4  cm.;  edge  seijaratioii  1cm  ,  feed  position  (11);  rrsonan!  frequency  -  2  3.6  GHz 


Figure  3  20:  The  measured  E-planc  coupling  for  a  single  loaded  patch  in  a  two  patch  linear  array 
and  its  magnetic  '•urrent  distribution  Load  positions  ;  Patchl  (2.0,1  0)  ;  Patch2  (2  0.1.0)  patch  size 
6x4  cm  ;  edge  separation  =  1cm  ;  feed  position  (1,1)  ;  resonant  frequency  =  2  35  GHz 
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Figure  3.21:  The  measured  Iv-plane  coupling  for  a  single  loaded  patch  in  a  two  jiatch  linear  arra_\ 
and  its  magnetic  current  distribution.  I,oad  positions;  Patchl  (2. 0,1.0)  ,  Patch2  (2. .‘1,0.91)  patch 
size  6x4  cm.;  edge  separation  =  1cm  ,  feed  position  (1,1)  ,  resonant  frequency  =  2  35  GHz 


Figure  3-22;  The  measured  E-plane  coupling  for  a  single  loaded  patch  in  a  two  patch  linear  arra\ 
and  its  magnetic  current  distribution  Load  positions:  Patchl  (2  0,1.0)  ;  Patch2  (1  5,1.02)  patcii 
size  6x4  cm.;  edge  separation  =  1cm  ,  feed  position  (1,1)  ,  resonant  frequency  =  2  35  GHz 
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Figure  3.23:  The  measured  E-plane  coupling  for  a  double  loaded  patch  in  a  two  patch  linear  array 
and  its  magnetic  current  distribution.  Load  positions:  Patchl  (3.0,1  23)  and  (3. 0,2. 7)  ;  Patchi 
(1.5,0.91)  and  (1.5,3.09)  ,  patch  sire  6x4  cm.,  edge  separation  =  1cm  ,  feed  position  (1,1) 


lOdB 


-  20dB 


-  30dB- 


hp  D/pOAOE 

5  Pi 

(3  1  . 

MAR] 

KER  1 
.  35 

1 

125 

GHz 

i'  ! 


: _ 1  _ L 

\  B  I 


Ml!/  v/| 

-  40dB - _ ^ - i-V-L - ^ - - 

r  r\  I  /  :  I 


^  !  \  I 

r  n — 1 


!\  i 


■-■iaOi  V  .  r.ri',  ■■  'rinr),)  r.  •  3.1o 

yTO^--  3  15i.S-.UOOG  C-;  PP^EQ{G  H  z) 


Figure  3.2-;:  The  measured  F^plane  coupling  fo:  a  double  loaded  palch  m  a  two  patch  linear  array 
and  its  magnetic  current  distribution  Load  positions.  Patchl  (3  0,1.23)  and  (3  0  2  7)  Patch2 
(2  5,1  W)  and  (2  5,2  88)  ,  patch  size  6  x  <1  cm  ,  edge  separation  =  1cm  ,  feed  position  (1  H 
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Figure  3.26:  Tlic  measured  Sn  vsrialion  for  a  double  loaded  patch  in  a  two  patch  'ip^a-  array  Loac 
positions:  Patchl  (3.0,1.23)  and  (3.0,2  7)  ;  PaUh2  (2  5,1.21)  and  (2  5,2  79)  ;  patch's, zc  6  x  4  cm" 
edge  separation  =  Icin  ,  feed  position  (1,1) 
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F'.gure  3.27.  The  niccLsured  6'ii  varialion  for  ?.  double  loaded  patch  in  a  two  patch  linear  array  Load 
positions.  Palclil  (3  0.1.23)  and  (3  0,2.7)  ,  Patch2  (2  0,1.12)  and  (2  0,2.88)  ,  patch  size  6x1  cm 
edge  separation  =  1cm  ,  ked  position  (1,1) 
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Figure  3  28  The  measured  5;  i  vanalion  for  a  double  loaded  patch  in  a  two  patch  linear  array  Load 
positions  Patch  1  (3  0  1  c’3)  and  (3  0,2.7)  ,  Patch2  (3  0,1  23)  and  (3.0,2  r7)  ,  patch  size  G  x  cm. 
edge  seoaralio.'i  =  Icni  ,  feed  position  (1,1) 


Chapter  4 


USE  OF  REACTIVE  LOADS 
FOR  MAINTAINING 
IMPEDANCE  MATCH  IN 
SCANNED  ARRAYS 


It  has  been  found  that  in  an  electronically  scanned  array  of  microstrip  antennas 
the  active  driving  point  impedance  of  each  element  varies  significantly  when  the 
array  is  scanned  by  eith'^r  varying  the  progressive  ]»I'.ase  shifi  angle  or  by  changing 
tlie  frequency  [11].  When  this  happens,  the  transmission  feed  lines  that  are  usu¬ 
ally  matched  to  the  array  elements  for  maximum  power  transfer  will  experience  a 
mismatch  and  consequently  a  large  amount  of  power  will  be  reflected  back  instead 
ot  radiating  out.  This  reflected  power  is  usually  i'ed;i('cted  by  the  circulator  at  the 
feed  point  and  is  coupled  to  an  absorbing  load  to  prevent  it  from  going  back  to  the 
transmitter.  But  this  loss  of  nower  means  los.s  of  accuracy  and  range  in  a  radar 
system. 

The  previous  ..tudy  of  loaded  microstrij)  antenn;is  hits  reveaded  that  the  input 
impedance  of  an  antenna  can  be  changed  by  placing  reactive  loads  at  specific  points 
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on  the  antenna  so  tluit  the  rosonanl  fn'quency  remains  unaltered.  It  wjis  the  purpose 
of  this  study  to  see  whether  mutual  coupling  and  the  active  impedance  between 
microstrip  antenna  elements  can  be  changed  by  positioning  loads  properly  on  the 
microstrip  antenna.  A  j)rogram  was  wri'.'en  by  the  author  to  compute  the  mutual 
covipling  using  the  Icjaded  elements  for  a  finite  array.  An  approximate  theory  is 
used  to  compute  mutual  impedance  l>etween  elements  which  did  not  consider  the 
effect  of  other  patch  elements  when  computing  the  mutual  coupling  between  any 
two  elements.  An  exact  expression  should  be  used  for  accurate  results  as  in  [12j  and 
[13].  For  the  purpose  of  the  feasibility  study  the  approximat('  model  that  was  used 
was  sufficient.  The  computed  results  were  close  to  experimentally  obtained  values 
in  most  of  the  cases  considered.  The  results,  indicated  that  the  mutual  coupling  and 
the  input  active  impedanc<:  in  an  array  Can  be  varied  by  using  loaded  elements.  This 
was  verified  experimentally  and  the  results  obtained  are  shown  ir  Figures  3.23  to 
3.28  of  the  previous  chapter.  A  comparison  of  the  computed  at-.d  nteas'Cited  results 
is  shown  in  Figure  4.1  for  the  E-plane  linear  array  and  Figure  4.2  for  the  H-plane 
linear  array.  A  comparison  of  the  computed  and  measured  active  impedance  of  two 
loaded  patches  in  a  linear  array  environment  is  shown  in  Figures  4.3  ana  4.4. 

The  position  of  the  reactive  load  on  the  antenna  was  computed  to  match  the 
antenna  elements  at  various  scan  angles  as  shown  in  Figure  4.5.  The  process  is 
iterative  because  if  one  clement  is  matched  by  changing  its  load  position,  then 
other  elements  of  the  array  become  mismatched.  Thi.'^  requires  changing  the  load 
position  iteratively  until  a  reasonatile  match  is  obtained  for  all  the  array  elements. 

A  test  case  of  a  five-patch  lineai'  array  was  considered.  It  was  initially  as.^umed 
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that  the  axray  wcis  matched  when  all  port  currents  were  in  phase.  As  the  progressive 
phase  shift  angle  or  the  difference  in  phase  angle  between  adjacent  port  currents  is 
changed  to  22.5°,  45°  and  60°,  the  angle  that  the  main  beam  makes  with  the  broad¬ 
side  direction  also  changes.  The  load  positions  are  changed  to  reduce  nu'^match. 
These  load  positions  and  the  change  in  the  magnitude  of  lefiection  coefficient  are 
shown  in  Figure  4.5. 

Ho\v  much  the  performance  of  an  array  can  be  improved  remains  to  be  seen  as 
this  study  continues,  but  from  these  results  it  does  seem  that  an  impedance  match 
of  array  elements  can  be  maintained  within  reasonable  limits  as  beam  scanriing 
takes  place. 
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MUTUAL  COUPLING  OF  A  TWO  PATCH  LINEAR  ARRAY  WITH 

LOADED  PATCHES 
E-Plane  Dual  Loads: 


Load  Positions: 

Pa-tch  1.  Loadl  (3.0  ,1-23)  ;  Load2  (3.0  , 
Patch  2-  Loadl  (1.5  ,0.9l)  :  Load2  (1..5  ,3 
COMPUTED  S21— 22.693  dBS  ,  MEASURED  321 


0?) 

=  -l9.6''6  d33 


riot/ 


Loao  Positions' 

Patch  1:  Loadl  (3.0  ,1-23)  ,  Load2  (3  0  ,2.77) 
Pacch  2:  Loadl  (2  5  .1.12)  ;  Loa^T  (2.5  ,2.SS) 

TF"  ■■Y.v-:S4n  dBS  ,  MEASURED  S21=-20.S65 


Loao  i-'osiiious: 

Paicb  1  Loadl  (3.0  .1  23)  ;  Load2  fS.O  .2.7") 

Patch  2:  Loadl  (3  0  ,1.23)  :  Load2  (2  0  ,2.77)  ■ 
COMPUTED  S2l  =  -i5,79  dBS  ;  MEASURED  S2l=-20.973  dBS 


Figure  4.1:  Table  showing  computed  and  mca.sured  values  of  the  mutual  coupling  of  two  loaded 
patches  in  a  linear  array  environment  for  the  E-plane.  Patch,  size  6x4  cm;  edge  separation  =  1cm: 
fc  '  oosition  (1,1) 


MUTUAL  COUPLING  OF  A  TV/0  PATCH  LINEAR  ARRAY  WITH 

LOADED  PATCHES 
H'Plaae  DuT  Loads: 


Load  Positions: 

Patch  1:  Loadl  (3.0  ,P2.j]  ,  I.oad2  (3.0  ,2  7) 
Patch  2;  Loadl  (2,0  d.21)  :  Load2  (2.0  ,2  79) 
COMPUTED  S21=-23.313  dLS  ,  MEASURED  S2l--2l.2ii 


i/Oad  Positions: 


i  atch  ] 
Paten  2 
COMPUTED  S2i 


i.  :.adl  (3  0  d.23j  ;  Load2  M  O  ,2  77) 

L..aG]  (2,3  .L12)  :  Loads  (2  5  ,2  88) 

--04  007  dBS  ,  MEALUREP.  P2L  -  ::  iM3  -:BS 


Lot-.c  Po‘:r.  :oni 


Paten  1:  Loadl  (3.0  ,1-23)  ,  Load2  (3,0  ,2T7) 

Ptach  2  Load]  (3,0  .1.23;  :  Load2  (2.0  ,2,77) 

COMPIP:  ED  S21=- 19  1364  dBS  ,  MEASURED  S2W:-ifi  an?  dB3 


Figure  a  2  'Fr.ble  showing  coiiipuleci  and  measured  values  of  Uie  mutual  coupling  of  tw; 
patches  in  a  linear  arra>  ciivironment  for  the  Il-plane  Patch  size  G  x  <1  cm;  edge  separation 
feed  position  (1,1) 


ACTIVE  impedance  OF  A  TWO  PATCH  LINEAR  ARRAY  V\'ITH 

LOADED  PATCHES 
H-Piane  Dual  Loads 


Load  Positions 

Patch  i.  Load!  (3  0  ,1-23.)  ,  Load 2  (3,0  ,2.?; 
Paich  2:  Loadl  (2,0  ,L2i)  i-.oad2  (2,0  R  ''0 
MEASURED  =  75.336  -  jl,312 


Load  Positions. 

Patch  1  Load]  (3.0  ,i  23)  ;  Loaa2  (3  0 
Patch  2  Loadl  (2.5  ,1  ':2)  Load2  (2,5 


REAS 


iPED 


Load  Positions 

Patch  1  Load!  (3.0  ,1,23)  ,  Load2  (3,0  ,2  ~7'^ 
Patch  2:  Loadl  (3,0  ,1  22)  :  Loans  (2.0  ,2."" 
MEASURED  -  75. RR  R  jO.CvS 


Figure  4,3;  Table  showing  measured  values  of  active  impedance  of  two  loaded  patches  .n  a  iincar 
array  environment  for  the  H-plaiie  Patch  size  6x4  cm,  edge  separation  =  1cm;  feed  position  (1,1' 


ACTIVE  IMPEDANCE  OF  A  TWO  PATCH  DIME  ATI  ARREY  V/ITH 

LOADED  PATCHES 
TTPlane  single  Locids. 


Load  Positions 
Patch  1:  Load]  (2.0 
Patch  2.  Load!  (1.5 


MEASURED  T 


lur 


78. 


.  1  Oj 

,  1,02; 

34  -r  iO  440 


lASU 


Load  Pfaition.s: 
Patch  1:  Poadi  (2.0  ,  i  0) 
Patch  2:  Poa':'!  (2.0  ,  1,0) 
40  4^-1 


r*  t-  7 


l..oad  Positions: 

Patch  1:  Loadi  (2.0  ,  i.O) 

Patch  2;  Loadi  (2.5  ,  0,91) 
ivlEASURED  Led, VC  ~  51. G6  -T  jO  5527 


Figure  ;.'1:  Table  showing  ineasured  values  tif  aco.ve  uiip'-daiice  of  two  loaded  patches  m  a  line?, 
array  en vironmenl  (or  the  E-plane.  Patch  size  fi  x  •!  cm,  edge  sc-paraticm  —  1cm,  feed  position  (1,1 
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Figured  5;  ^’able  shelving  the  computed  position  of  short  circuit  loads  required  tc  kee.D  microstrip 
antenna  patches  in  a  5  patch  clement  linear  phased  array  matched  to  the  feed  netwo:;-;.  The  array 
is  as-sumed  to  be  matched  at  a  progressive  [)hase  shift  angle  of  0".  Patch  size  p  4  cm  ,  edge 
separation  “  1cm  ;  feed  position  fl.l) 


Chapter  5 

CONCLUSIONS 


The  experimental  study  of  loaded  microstrip  antennas  showed  that  the  properties  of 
microstrip  antennas  cam  be  changed  quite  easily  to  suit  a  given  set  of  applications. 
By  placing  reactive  loads  on  the  microstrip  antenna  one  can  change  its  resonant 
frequency  and  input  impedance.  If  these  loads  arc  placed  appropriately,  then  it  is 
possible  to  change  only  the  input  impedcuice  of  the  antenna  without  changing  the 
resonant  frequency. 

The  theoretical  and  exi)erimental  study  of  microstrip  antenna  arrays  showed 
that  the  active  impedance  of  an  array  element  is  afh'cted  .‘significantly  by  the  mu¬ 
tual  coupling  effects  of  surrounding  elements.  This  active  impedance  was  found 
to  vary  with  scan  angle  in  pheise  scanned  arrays.  This  causes  an  impedance  mis¬ 
match  at  the  feed  point  of  array  elements  resulting  in  a  loss  of  radiated  power  cue 
to  reflections.  The  feasibility  study  on  the  use  of  loaded  microstrip  antennas  to 
reduce  the  mismatch  of  these  elements  in  a  scanned  array  showed  that  dynamic 
controlling  of  input  impedemce  of  array  elements  is  possible.  This  can  be  achieved 
by  appropriately  changing  the  reactive  load  position  as  phase  scanning  takes  place. 
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The  reactive  loads  could  be  short  circuits  for  which  PIN  diodes  can  be  used  allowing 
switching  appropriately  from  a  computer  during  phase  scanning. 
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